The anomalous properties of ambient water at normal pressure and temperatures from 0 °C to ~ 100 °C are mainly due to the physics of hydrogen bonds in supramolecular structures (SMS).
Introduction
Thanks to water on Earth a hierarchy of living systems arose and developed with homo sapiens at the head [1] [2] [3] . Therefore, anomalies in the properties of liquid water under normal conditions can be attributed to the manifestation of the Anthropic Principle at the molecular level [4] . First of all, we are talking about the features of temperature dependences (TDs) of the properties of liquid water at atmospheric pressure and temperature (T) from 0 °C to 100 °C. Under these conditions TDs density (ρ), molar volume (v), isobaric heat capacity (CP), thermal conductivity coefficient (ϰ), isothermal compressibility (γ), sound velocity (V), dynamic viscosity (η), dielectric constant (ε), self-diffusion coefficient (D), refractive index (nD), chemical shift (δ), spin times (T1) and dielectric relaxation times (τD) are unusual and some of them have extrema or kinks [5] [6] [7] [8] [9] . Despite numerous experimental and theoretical studies of the structure and dynamics of liquid water, the molecular mechanism of the occurrence and differentiation of TDs anomalies of water characteristics is still unknown [8, 11, 12] .
The structural dominant of the three-dimensional molecular structure of water is the near tetrahedral geometry of the electronic orbitals of the oxygen atom in the free Н2О molecule [6] . This geometry is minimized in energy by the formation of four tetrahedral hydrogen bonds (HBs) and their configuration reaches the utmost stability in the structure of ice-like hexagonal clusters (W6) at t = 0 o C [8, 13] . The absorption band of W6 lies in the region of 200-250 cm -1 (Fig. 1b ).
The nature of molecular motions and bonds in liquid water is reconstructed from specific changes in the spectral parameters of liquid water and the radial distribution functions gOO(r), gOH(r), gHH (r) ( Fig. 1a ). For this, stationary and pulsed methods of IR, Raman, X-ray and neutron spectroscopy are used together with computer simulation of molecular dynamics [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . To explain the anomalies in the static characteristics of water at ambient conditions (, v, СР, ), the hypothesizes the existence of two metastable liquid phaseshigh density liquid (HDL) and low density liquid (LDL) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Using the methods of X-ray spectroscopy and x-ray Raman scattering, it was established [11, 22] that up to 25 °C in the first coordination shell of LDL water prevail structure with the four tetrahedral HBs characteristic for hexagonal ice (Ih) [13] . Upon heating from 25 °C to 90 °C, 5 to 10% of these bonds are converted to two hydrogen-bonded configurations with one strong donor and one strong acceptor HB and LDL water goes into HDL water. The experiment estimates the fraction of the tetrahedral configuration of LDL water at ambient conditions to be 20-40%, however, from molecular dynamics simulations it follows 60-80% [10, 17, 22] . [16] . (b) Experimental far-IR absorption spectra of ice and liquid water. Figure from [14] .
In works [5, 8-10, 13, 23-28] suggest that the molecular mechanism of water anomalies is based on the physics of dynamic supramolecular structures (SMS) corresponding to "instantaneous" configurations of HBs network structures and correlated molecular motions. In SMS, the number of HBs, their energy, and their lifetime vary widely. These variations of HBs affect intermolecular interactions and the dynamics of SMS, which are based on inhibited rotational and translational movements of molecules. The range of their energies is limited above the energies of the HB (EH) [5] . SMS rearrangement reactions with an activation energy (ЕА) lower than ЕН dominate in TDs anomalies of static (ρ, v, СP) and conditionally static (ϰ, γ, V, ε) water characteristics [8, 24] . The dynamic characteristics (η, D, τD, T1) have EA values of the same order as ЕН. In the thermostationary state at constant T, water is a reservoir of energy IR quanta, the action of which is manifested by Brownian motion, and the energy spectrum corresponds to the blackbody radiation band. The wavelength at the maximum of this band is determined by the Wien displacement law: λmax (m) = 0.0029/T [24] . This band for T > 240 K will overlap with the IR absorption spectrum of water in the region of wave numbers (ω) less than 1000 cm -1 (Fig. 1b ).
The structure of liquid water at 273 <T <373 K consists of free and encapsulated molecules, hexagonal clusters (mainly W6), various voids, linear chains, and three-dimensional networks of HBs ( Fig. 2 ). Extreme points TDs of water properties can be considered critical points [30] of phase transitions between different SMS conformations. To describe the physics of these transitions, the formalism of the nonequilibrium thermodynamics of phase transitions in clusters is suitable, in which configurational excitation is represented through the transformation and diffusion of voids in a cluster structure [31] . The concept of voids distinguishes configurational degrees of freedom from the oscillatory ones described by the equilibrium Boltzmann statistics.
The energy of equilibrium thermal motions of molecules selectively activates the reactions of SMS rearrangements and this corresponds to the activation character of diffusion and transformation of voids [31] . Within the framework of this formalism, the element of void and vacancy in SMS [9, 31] can be considered a thermodynamic variable that characterizes the motion and energy of bonds of the molecules forming the element of void.
Fig. 2.
The liquid water-structure complexity is reproduced in a two-dimensional plot for the sake of visualizing some of its characteristics [29] .
Water inherits the void structure during the melting of hexagonal ice Ih and W6 dominates the structure of the elements of the void up to 25 °C [5, 6, 8, 9, 22, 24, 32] . The division of void statistics into Boltzmann (vibrational) and configurational ones corresponds to two types of thermodynamics of water, which attracted its dynamic and static characteristics for analysis of TDs [8, 24] . I-type thermodynamics describes the reactions of the breakdown of HB and the release of a water molecule from a cell. II-Type thermodynamics are based on transformation reactions of HBs network configurations. The parameters of the water structure and its rotational-vibrational spectra depend on T. From the Arrhenius fA-approximations of these TDs, one can find the order of magnitude of the EA rearrangements of the SMS and the probable nature of molecular motions.
In the metastable state of supercooled water at T < 273 K, both statistics and the corresponding types of thermodynamics will become inadequate due to inhibition of the selfdiffusion process, freezing of conformational degrees of freedom, and an increasing role of impurities and gases in the initiation of water crystallization [20] . Under these conditions, the mathematical reliability of fA-approximations TDs of water characteristics and the adequacy of interpretations of the nature of molecular motions will decrease [34, 35] . However, in the supercooled state of water noise decreases and the accuracy of spectral methods increases [20] .
The data on supercooled physics can be used in qualitative correlations together with data obtained under normal conditions. In this work, to substantiate the physical nature of molecular motions and intermolecular bonds responsible for the anomalies of the properties of liquid water under normal conditions, Arrhenius approximations were applied to the known temperature dependences of the characteristics of molecular dynamics and water structure.
Materials and methods
The empirical data A(T) for the TDs characteristics of water was taken from published works, references to them are given in the captions to the figures and in the tables. If necessary, digitized graphs with the use of 'Paint' computer application. The borders of the entire temperature range for TDs were defined based on those of available data varying in the limits T of -30 ºC to 100 ºC. On the fA-approximation graphs, junction points of adjacent T intervals were marked with arrows. 'MS Excel' application was used to plot TDs and its fA-approximations. The extent of proximity of value R 2 to 1 was chosen as reliability criterion for fA-approximations, in various T intervals. The error in the calculation of activation energies was determined by the accuracy of the calculated or experimental TD characteristics of water and its structural parameters. Characteristic deviations of the values are given in the tables.
In work [5] , mathematically reliable and physically adequate in certain T intervals fAapproximations dependences of water characteristics on 1/T were obtained:
where R is specific gas constant (8.3 J mol −1 K −1 ), and the effective EA indicated the thermal effect (±ΔQ) of the reaction of the rearrangement of the water structure, the sign of which depends on the type of reaction (endo or exo). The Arrhenius exponent in (1) in the general case will be a bimodal function, reflecting the dependence of TD on two types of thermodynamics [8, 24] :
where FT(T) represents the dependence of all types of molecular motions on thermal energy (Q) and obeys the Boltzmann distribution, and Q integrates the entire spectrum of energy quanta corresponding to the equilibrium radiation of the body at T. FR(T) represents the dependence of TD on the thermodynamics of reactions that limit the configuration adjustment at the SMS level.
The FT(T) function in [5] was modeled by a power function:
The value and sign of β for each macro characteristic of water should satisfy the known relations between them and the physical correlations between the macro and micro characteristics of water. For translational and rotational self-diffusion of water under normal conditions, the Stokes-Einstein ratio is valid:
The viscosity depends on the energy and the number of HBs per average molecule and therefore TD η will obey the Boltzmann distribution with EA = EH. It allows to take β = 0 for η, τD, and T1, and β = 1 for D. For water as an equilibrium thermodynamic system, the following relations are valid:
Pv ∝ T and v = μρ -1 , (μ -the molar mass of water) taking into account the expansion of bodies with increasing T for v and the radii of the peaks gOO(r) we took β = 1, and for the water density (ρ) β = -1. Moreover, TD P with β = 0, similarly to TD η, must obey the Boltzmann distribution for the energy HBs.
Changes in local water density are estimated by amplitudes of gоо(r) peaks [9, 16] .
Therefore, for TD gоо (r), we can take β = -1 and, taking into account β = -1 for ρ, calculate the values of β for TD γ and V, using the well-known relationships [7, 9] :
For γ and V the values β=2 and -0.5 [5] were suitable, respectively. The CP value is determined by the number of degrees of freedom, which directly depends on T, so for the analysis of its TD we used β=1 [5] . Assuming that the transfer of energy of elastic oscillations is responsible for the propagation of heat in liquids, the formula for the coefficient of thermal conductivity (ϰ) was obtained [33] :
from which it follows that β = -1/3 for ϰ. In the analysis of TD, the water refractive index (nD, λ = 589 nm) was taken to be β = -1, based on the fact that ε depends on T -1 [9, 29] .
Thus, using the well-known laws of molecular physics to substantiate the value of β, for each characteristic of water it is possible to construct a physically adequate and mathematically reliable fR-approximation of its TD.
According to (2) The ER values can be used to characterize the type of movements that are mainly responsible for configuration changes in SMS. They make a large contribution to CP [9] and this confirms the low reliability of fA in Fig. 2b . Given that TD for CP is proportional to T (β = 1) [5] , ER was determined from the fR-approximation of CP/T values (Fig. 2c) . In Fig. 2d shows fT-approximation Rotational and translational movements of molecules in liquid water occur in the fields of nearby and distant neighbors, this causes the effect of inhibition (friction [9] ). Excessive external pressure (P + ) enhances the effect of inhibition and affects the TDs of water characteristics [7, 17, [36] [37] [38] [39] [40] . The magnitude of the inhibitory effect of P + will depend on the value of P + and the energy of molecular motion. To evaluate the effect of P + , we determined the fA-approximations TDs of a number of water characteristics obtained for different P + . To estimate the distances between ions and molecules in water, we used the formula [41] :
where C is the concentration in mol/l. For pure water, C = 55.6 mol/l and L = 3.1 Å, which is close to the radius of the first coordination shell rOO = 2.8 Å [9] . 
Results
Graphs of TDs of water characteristics, as well as TDs of structural and spectral parameters together with their fA-approximations are shown in Fig. 3 -17 . Extreme points (tE о С), parameters β, ЕA, ЕТ, ЕR of the functions fA, fT, fR for micro characteristics are presented in Table 1 , and for macro characteristics in Table 2 . [7] ). Dependences of the thermal conductivity coefficient (ϰ) (b) and ϰТ (c) on 1/Т and their fR-approximations. Initial data from [45] . Fig. 9 . Temperature dependence of the dielectric constant (ε) of water; (a) its fА-approximation; (b) its fR-approximation (c). Initial data from [9, 29, 46, 47] . The initial data (a), (b), (c) from [39] , [40] , [9] , respectively. Table 1 Extreme points and activation energy of the temperature dependences of the water spectral and structural characteristics.
Discussion
The physical adequacy of fA-approximations for the dynamic characteristics of water (D, η, τD, P, νОН) in the T-interval 0-100 о С is evidenced by the correlation of the values of EA (Table   2 ) with the value of ЕН = 19 ± 12 kJ / mol [9, 25] . This result confirms the assignment of dynamic characteristics TDs to I-type thermodynamics. The dynamic characteristics TDs at T < 273 K become non-linear ( Fig. 5; Fig. 11-14, Fig. 16 ) and the reliability of fA-approximations in the Tinterval of -30-0 °C decreases. In this case, EA values increase, remaining less than the absolute value of the maximum value of EH. This indicates an increase in ЕН and friction forces in the dynamics of supercooled water.
A feature of molecular physics of compressibility (γ), sound vibrations (V) and dielectric properties (ε) of water is the limitation of the isotropic dynamics of molecules by motions directed along the action vector of an external force. In the case of γ and V, this is a mechanical factor similar to P + , and in the case of ε, it is the local Coulomb forces in the domains of polarized dipoles.
In isotropic self-diffusion (translational and rotational) 6 degrees of freedom are equivalent [9] and, accordingly, 6 components of EA, which have close values for D, η and τD ( Table 2 Extreme points, parameter β and activation energy of Arrhenius approximations of the temperature dependences of the water characteristics. Fig. N Obviously, for TDs γ, V, and ε, motions and intermolecular interactions are collinear to the external force vector. Indeed, the quantities |EA/6| for D, η and τD correlate with |EA| for γ, V, ε in the range of 0-25 °C far from the vicinity of tE γ, V ( Table 2 ).
The ratio γ ~ 2 is consistent with the periodicity of the external force, causing a reversible compression of the water structure. From the relation /6 ~ ϰ ( Table 2) (Table 2) , therefore, the mechanism of their TDs anomalies must obey type II thermodynamics.
The nature of the movements responsible for the TDs characteristics of water should be manifested in qualitative correlations between the EA values for macro and micro characteristics of water (Table 3 ). The qualitative level of correlations is primarily due to weak TDs of water structure parameters [9, 22] and large scatter of points in TDs obtained by different methods and authors [34] (Figs. 8a, 11a, 13a , 14a, 15a, Table 1 ). In the structure of the second coordination Compliance EA micro and macro characteristics of liquid water
The EA value in the range 0-25 °C is 3.1 kJ/mol (Table 2) for the stationary dipole moment of water (ε) modulo close to EA = -3 kJ/mol for ln (1b″/b′) ( Fig. 15a ). According to the data of [10, 12, 17 ] ″ ≫ ′ , therefore -3 kJ/mol can be attributed to the endothermic reaction of molecule rotation in the field of delocalized HBs. It is believed that the tetrahedral configuration of LDL water transforms into the distorted configuration of HDL water [17, 22] . Motions of this kind can occur in concert with exothermic reactions of reorientations of dipoles and limit TD ε. The kinks TDs D, η, τD, V, γ, ε (Table 2) in the vicinity of 25 °C correspond to kinks at this point TDs of the parameters of the second coordination shell -Q2 (Å -1 ) and roo (4.5 Å), as well as the minimum TD ratios r2/r1 (Fig. 12b) . These results confirm the hypothesis of spasmodic transformation in the vicinity of the 25 °C point of the ice-like cluster W6 in the LDL in HDL phase transition [5, 8, 11, 13, 22] .
Under normal conditions, EA values for T1 of seawater remain practically unchanged, while in its supercooled state EA increases only 1.2 times, while in supercooled ordinary water it is 1.5 times (Fig. 5 ). For seawater (СNaCl ~ 0.6 mol/l) with a uniform distribution of Na and Cl ions, Eq.
(2) implies L ~ 11 Å; therefore, the effects of ion hydration can only slightly affect the dynamics of the fifth coordination shell ( fluids (СNaCl ~ 0.16 mol/l) at ~ 40 > t > 0 o C will be the same as for pure water. In electrolytes (СNaCl ~ 4 mol/l), the distance between ions L ~ 6 Å and hydration effects are comparable with the action of high P + and lead to significant changes in the pair distribution functions of the first and second coordination shells [37, 38] . Accordingly, the reliability of fA approximations of the TDs properties of electrolytes will decrease as well as for supercooled water.
Pressure as a thermodynamic characteristic is proportional to T, but EA obtained from its TD at v = const is ~7 times larger than ET (Fig. 6 , Table 2 ). This is consistent with the assignment of P to the dynamic characteristics for which ЕА ≫ ЕТ. External overpressure (P + ) is a mechanical factor that generates stresses, shifts and deformations in the volume of water. Under the influence of P + , the threshold of excitation of molecular movements decreases and the effect of friction is simultaneously enhanced. As a result, the values of TE and EA decrease, and the more, the higher P + and less EA (Fig. 17) . High values of EA for dynamic characteristics neutralize the P + effect in the region t > 0 o C (Fig. 4b ) and the difference in the effect of P + on their TDs is manifested only in the positions of the minimum dependences of EA on P + -1.5 kbar for T1 and 3 kbar for η ( Fig.   17 ). It can be assumed that in the vicinity of the EA minimum, the threshold and inhibitory effects of P + are compared and, with a further increase in P + , the prevailing inhibition effect leads to an increase in EA. In supercooled water, both the inhibition effect and EA increase. It is known [49] that the effect of high P + on translational diffusion (D and η) is much stronger than on rotational (τD and T1). This explains the shift of the EA minimum at T1 from 1.5 kbar in ambient water to 2.25 kbar in supercooled water (Fig. 17b ). Note that, depending on roo(2.8 Å) as a function of P + , a minimum is also observed at ~2 kbar [7] .
Estimates of EA for static characteristics obtained from Fig. 16, Fig. 17a and [7, 36, 39] and showed that EA slightly decreases in the interval 0 < t < 100 ° C with an increase in P + up to 2 kbar ( Table 2 ). The nature and energetics of the molecular motions responsible for the TDs anomalies of these characteristics correlate with the signs and magnitudes of TE shifts for the corresponding P + (ΔТ, P + ): Cp (-36К, 200 bar) ( Fig. 17b) ; ρ (-33K, 1 kbar,) [7] ; V (20K, 2 kbar) [7] ; and γ (~0K, ~2 kbar) [36] .
The molecular mechanism of the TDs Cp, ρ, V, and γ anomalies is, in fact, close to the physics of homogeneous crystallization of water at 0 °C. The thermodynamics of these processes covers the entire volume of water, the values of Q and EA before and after TE have different signs, cm -1 (Fig. 1 ).
An effective removal of Q occurs in microdroplets of water in the experiment [15, 50] and in the formation of snow in the atmosphere, as well as in the presence of impurities reradiating IR quanta (250 cm -1 or 500 cm -1 ) in the transparency windows SMS*. By analogy with the HDL → LDL phase transition, the SMS* formation mechanism was presented as follows. In each cluster At the points tE TDs ρ (v), CP, γ, V the value EA = 0 due to the fact that ET and ER are equal in modulus and have different signs ( Table 2) . Under such conditions, isoenergetic phase transitions of the second kind occur, in which only the SMS conformation changes [24] . At the minima TDs CP and γ for t < tE |ER| > |ET| and EA > 0 (exo), at t > tE |ER| < |ET| and EA < 0 (endo).
At the maxima, TDs ρ and V for t < tE |ЕR| > |ET| and EA < 0 (endo) for t > tE |ER| < |ET| and EA > 0 (exo). The signs of the thermal effect and the value of the extremum are determined by the signs of β and the ratio of the values of RT and Q of the SMS rearrangement reaction.
Points tE for static characteristics are critical points, similar to Curie points of liquid-crystal ferroelectrics [52] . It is believed [30] that at the critical point, the amplitude of long-wavelength fluctuations of the order parameter increases so much that they become independent of microparameters that regulate short-range intermolecular interactions. In this case, the fluctuations activate the resonant transitions in the macrosystem of energetically coherent states and a new stable or metastable phase arises in SMS. The boundaries of the critical region are determined by the ratio (T − TE)/TE ≈ 10 −2 , which is performed for the TE points of the extrema TDs ρ, CP, γ, and V. The structure of the water is rearranged in the interval |T − TE| ~ 4 K, in which EA remains close to zero (e.g. ρ in Table 2 ).
The phase transition at the Curie point of a liquid ferroelectric is associated with a spontaneous polarization process, the possibility of which in water is due to the proximity of the energy van der Waals interactions with the values of ЕН and ЕА for ε and τD ( Table 2 ). Spontaneous polarization effects can be associated with a ~1.6-fold increase in the dipole of a molecule in a volume as compared with a dipole of a free molecule equal to 1.85 D [6, 9, 53, 54 ]. An adequate order parameter in liquid water is the orientation of classical Drude oscillators [53] , whose frequencies at TE points will correspond to the molecular oscillations that dominate the SMS restructuring. According to Wien's law, these oscillations will correspond to the frequency of the IR quantum (νE): νE ≈ 5.9 10 10 TE (Gz), and for tЕ о С (4, ~25, 36, 46, 75) the values of νE will be of the order of ~18 THz, and the oscillation period will be ~55 fs. Water absorption in the terahertz range at ~200 cm -1 is attributed to the firstshell dynamics, whereas a concerted motion involving the second-shell contributes most significantly to the absorption at ~80 cm -1 and ~2.4 THz [55] . The time of selective relaxation mode at 10 cm -1 (~0.12 kJ/mol) is 1.4 ps at 298 K [56] . The lifetime of HBs in various SMS configurations varies from 80 fs to 30 ps [24, 57] . All these movements will be answered by the corresponding Drude oscillators. Their fluctuations can be synchronized and cooperate at TE points according to the resonance mechanism under the influence of long-wave fluctuations in the frequency of O-H bond vibrations (νOH) [8, 24, 26] (Table 1 ). The adoption of νOH as the main order parameter is justified by the high sensitivity of νOH to changes to the energy of a particular HB or the strength of an electric field induced on it by its neighbors [23, 26, [58] [59] [60] .
Conclusion
Ambient water at normal pressure and temperature from 0 °C to ~100 °C is a solution of 
